A hydride generation flame atomic absorption spectrometric method was developed and optimized to quantitate arsenic (As) in foods. A wet digestion of the samples with HNO 3 + H 2 O 2 was performed and excess oxidants were eliminated by addition of hydrochloric acid and urea. As 5+ in As A rsenic (As) is a naturally occurring element in the earth's crust. Therefore, natural processes such as erosion, weather, and volcanic eruptions contribute to the distribution of As in the environment. Sources of exposure to As also include human activities, such as the use of pesticides, smelting operations, wood preservatives, paints, and industrial emissions (1). Acute As toxicity is mainly characterized by serious abdominal, neurological, and cardiovascular symptoms (2). The most prominent chronic manifestations involve the skin, lung, and liver systems (3). Epidemiological studies show an evident causal relationship between As exposure and skin and lung cancers (4).
A rsenic (As) is a naturally occurring element in the earth's crust. Therefore, natural processes such as erosion, weather, and volcanic eruptions contribute to the distribution of As in the environment. Sources of exposure to As also include human activities, such as the use of pesticides, smelting operations, wood preservatives, paints, and industrial emissions (1) . Acute As toxicity is mainly characterized by serious abdominal, neurological, and cardiovascular symptoms (2) . The most prominent chronic manifestations involve the skin, lung, and liver systems (3) . Epidemiological studies show an evident causal relationship between As exposure and skin and lung cancers (4) .
As level in foods is an interesting factor in the evaluation of environmental pollution caused by this metal. The literature contains numerous articles on this subject. The foods studied usually come from industrialized countries (5) (6) (7) (8) . To the best of our knowledge, there are only 2 articles on As contamination of food in sub-Saharan Africa, one concerning Ghana (9) and the other, the Ivory Coast (10) . The principal objective of our research is to determine As contamination in the Rwandan food chain. A country in Central Africa, Rwanda has many mining, volcanic, and agricultural regions (11) , all susceptible to varying degrees of As contamination.
In the 1990s, most publications on the determination of As species dealt with hydride generation graphite furnace atomic absorption spectrometry (HG-GFAAS), whereas only a few were concerned with hydride generation flame atomic absorption spectrometry (HG-FAAS; 2, 12) . Although the sensitivity of HG-GFAAS is 10 times higher, it is much more expensive both in purchase price and use. Developing countries must take into account the cost of material and analysis. Therefore, we decided to develop such a method.
We have optimized an HG-FAAS technique that permits the measurement of As in solid foods of animal and vegetable origin, such as mussels and cassava. The matrix is digested by the Kjeldahl method, which is used in most control laboratories. Its advantage is that it takes only 4 h. The method was validated according to current requirements.
Experimental

Principle
The food sample is digested by a mixture of nitric acid and peroxide. When the digest is clear, hydrochloric acid (HCl) and urea are used to eliminate excess nitric acid and peroxide, respectively. Potassium iodide (KI) allows complete reduction of As(V) to As(III), and sodium tetrahydroborate is used to generate the arsine (AsH 3 ). The arsine is carried by a flow of argon gas to a heated quartz tube, where thermal decomposition occurs. The light absorbed by the analytic atoms is then determined by FAAS. All glassware and plastic containers were washed with detergent, soaked in concentrated nitric acid for 1 h, and rinsed 3 times with water before use.
Apparatus
Samples
Mussels were purchased at local markets in Belgium; cassava was obtained from the National University of Rwanda.
Fresh mussels were rinsed with water, taken from their shells, and shredded in a food processor. The homogenate was stored at -18°C. Fresh cassava was peeled, sliced, and then dried at 35°C in an air-circulating drying oven for 48 h. Dried sliced tubers were then ground into flour. A certified reference material, CRM 422 (cod muscle), was obtained from The Community Bureau of Reference (Brussels, Belgium).
Digestion
Each sample (2 g mussel or 5 g cassava) was introduced into a digestion tube, and 10 or 20 mL nitric acid (10 mL for mussel, 20 mL for cassava) was added. The tubes were heated for 2 h to 95°C. After cooling, 3 mL hydrogen peroxide was added to the slurries. Tubes were again heated for ½ h to 95°C to obtain a clear digest. After cooling, 1 g urea and 10 mL concentrated HCl were added, and the tubes were then heated to 95°C to reduce the volume to 5 mL. After cooling, the digested sample was transferred into a 25 mL volumetric flask by using 10% HCl to wash the digestion tube. A 1 mL volume of KI solution was added to reduce As(V) to As(III). The volume was then adjusted to 25 mL with 10% HCl. As analyses were performed 2 h later.
The digestion procedure was also applied to the standard working and blank solutions, as well as to the CRM.
Determination
As was determined under the following instrumental conditions:
Spectrophotometer.-Wavelength, 193.7 nm; bandpass, 1 nm; lamp current, 9 mA; background correction, on; flame conditions: air 30 L/min, acetylene 15 L/min, 2660°K.
Vapor system.-Carrier acid (10% HCl): flow rate, 8 mL/min; reductant (1% NaBH 4 in 0.1% NaOH): flow rate, 3 mL/min; sample flow, 8 mL/min; carrier gas (argon) flow, 200 mL/min; measure, 10 s; stabilize delay, 60 s; baseline delay, 60 s. 
Results and Discussion
Optimization of Analytical Conditions
To destroy the organic matter, different mixtures, which are usually composed of nitric acid, are described in the literature (8, (13) (14) (15) . Nitric acid, a powerful oxidant, is often associated with HCl, sulfuric acid, or hydrogen peroxide to complete digestion. We wanted a mixture that would completely mineralize 2 g mussels as quickly as possible, with no loss of As. The various mixtures were tested and the obtained results are found in Table 1 . We observed that, with the mixture HNO 3 + HCl, absorbance was much weaker than with the 2 other mixtures. At first sight, the mixtures HNO 3 + H 2 SO 4 (20 + 10 mL) and HNO 3 + H 2 O 2 (10 + 3 mL) gave similar results. To compare them, we mineralized standards using these 2 mixtures and calculated the equations of the straight lines. For a range of 2.5-20 m g/L, the obtained results were as follows: Taking into account the coefficients of determination obtained, the mixture HNO 3 + H 2 O 2 (10 + 3 mL) was chosen.
After acid digestion of the matter, the As was probably in its most oxidized form, i.e., As(V). To allow the formation of hydride, As must be in the form As(III). As(V) must therefore be reduced into As(III). KI is often used as a reducing agent.
The excess nitric acid and hydrogen peroxide must first be eliminated, as they could also react with the KI. Therefore, HCl and urea (16) were added to the digests. The reactions which resulted were as follows:
The necessary quantities of HCl and urea were experimentally established. When lower quantities are used, I 2 is formed.
Experiments were also conducted to determine the concentration of KI necessary to reduce As(V) to As(III). Samples were treated with 1 mL (5, 10, and 20%) KI solution and allowed to stand for 2 h. No great differences in absorbance were found for the different KI solutions tested (Figure 1 ). The 10% solution was chosen. Assays were conducted to determine the influence of the argon flow rate on the signal. A plot of absorbance versus flow rate is shown in Figure 2 . A flow rate of 200 mL/min was chosen.
Specificity
Specificity of an analytical method is defined by its ability to demonstrate the presence of the targeted compound in potentially likely mixtures (17) (18) (19) (20) . The specificity of the present method was investigated to demonstrate that it could be used to quantitate total As in the presence of other constituents in the sample. Regardless of the digestion procedure selected, the specificity was first tested using several digestion blank samples (n = 6) obtained with the same reagents, vessels, and operating conditions; no sources of interference were observed. In addition, the absence of interfering sources from reagents during the acidic digestion pretreatment was then confirmed by comparing the responses obtained from aqueous samples using the complete procedure (test procedure) with those found without the digestion step (reference procedure) using the same analytical method (HG-FAAS). The correlation coefficient (r) obtained for the regression line demonstrates the excellent relationship between the 2 procedures. In addition, to test whether b (slope) or a (intercept) was significantly different from unity or zero, Student's tests were performed. The results obtained (slope: t (b) = 0.26 < t (n-2) = 2.16; intercept: t (a) = 0.31 < t (n-2) = 2.16) confirm the absence of interfering sources from reagents during the acidic digestion step.
Finally, in routine analysis, digestion blank samples are monitored to detect process changes. Typically, control limits for the monitoring blank are based on the historical mean blank (0.005 Abs.), ± 3 standard deviation units.
Response Function (Calibration Curve)
The response function (20) of an analytical method is, within the range, the existing relationship between the response (signal) and the concentration (quantity) of the analyte in the sample. The calibration curve is the simplest monotonous response function. The response function can be linear (straight line), but nonlinear models, sometimes induced by the detection method (21) or by the wide concentration range, can also be observed. The response function must, however, be monotonous, i.e., strictly increasing or decreasing (18, 19) .
In the present method, a decrease of the response at concentration levels of As >20 m g/L was observed. In such a case, a linearization method or another type of regression model (polynomial, quadratic, etc.) can be used (18, 19) . A second-order polynomial equation was found to fit better with the data within the concentration range of 0 to 20 m g/L (n = 3, k = 5). The validation results of the polynomial model are reported in Table 2 . However, a wide concentration range was not needed in the present study, as high concentration levels of As in foods were not normally expected. Consequently, the calibration range was reduced using the well-known leastsquares regression model, and the dilution effect was validated. A linear curve could be obtained in the range of 0 to 10 m g/L (n = 3, k = 4), and the regression equations presented in Table 3 were found by plotting the response (y) in absorbance unit versus analyte concentration (x) in m g/L. To confirm the adequacy of the least-squares regression model in this restricted concentration range, the standardized residuals were calculated and plotted against the corresponding concentration values. Figure 4 shows the standardized residuals comprised between -2 and +2, with no obvious pattern across the concentration range of 0-10 m g/L.
Similar regression equations were obtained for the analyses of mussels and cassava samples. The determination coefficients (r²) obtained for the regression line of As demonstrate the excellent relationship between response and concentration. During routine analysis, the calibration equation was computed by least-squares regression, as mentioned above, and the concentration of each calibration sample was calculated. If the back-calculated concentration of a calibration sample did not fall within ± 15% of nominal, that sample was reanalyzed and the equation was recalculated. Afterwards, if the calculated recovery was still >15%, the complete calibration was reprepared and reanalyzed.
Effect of Dilution
The influence of the dilution procedure, which is intended to be routinely used for samples with concentrations higher than the upper limit of the range, was checked. This study was performed during the validation step using As-free samples of mussels [As concentration < limit of detection (LOD)]. After spiking with a diluted stock solution of As to obtain a concentration of 40 m g/L, the selected samples were diluted 4 times with water (final concentration: 10 m g/L; x 1 , n = 6). At the same time, the same samples of mussels were spiked with the same diluted stock solution of As to obtain a concentration of 10 m g/L (x 2 , n = 6). The results obtained with the 2 series of spiked samples were then compared (means: x 1 = 10.02 m g/L versus x 2 = 9.60 m g/L). Because the results obtained for Student's test (t calc = 0.50 < t (0.05, 10) = 2.281) demonstrated that the means were not significantly different, a dilution factor lower or equal to the factor tested could be used in routine analysis for the dilution of samples with concentrations higher than the upper limit of the analytical range validated.
Limits of Detection and Quantitation
The LOD and limit of quantitation (LOQ) for total As were estimated from the intercept (a) of the regression line and the Table 3 By applying this method to the restricted concentration range (0-10 m g/L), the LOD and LOQ for total As were 0.6 and 2.1 m g/L, respectively. However, as the LOQ is the smallest quantity of the targeted substance in the sample that can be assayed under the experimental conditions with well-defined precision and accuracy (17) (18) (19) , the performance of the method at the concentration level of 2.5 m g/L was first checked before accepting the LOQ value (Table 4) . Accuracy and relative standard deviation (RSD) values were acceptable with respect to sensitivity of the analytical method and its intended use in foods.
Precision
Precision is close agreement (dispersion level, RSD) among measurements from multiple sampling of a homogeneous sample under the recommended conditions. It gives some information on random errors (17) (18) (19) and can be evaluated on 3 levels: repeatability, intermediate precision (within laboratory), and reproducibility (between laboratories; 17). Because precision testing depends on the intended use of the analytical method, reproducibility was not established in the present study. Indeed, standardization of the present analytical procedure was not needed (17) .
The precision of the method was thus estimated by measuring repeatability and intermediate precision for As at 3 different concentrations levels, ranging from 2.5 to 20 m g/L in the 2 matrixes. The variances of repeatability and time-dependent intermediate precision, as well as the corresponding RSDs, were computed from the estimated concentrations. The RSD values for repeatability and intermediate precision were <6.4%, which demonstrates the good precision of the proposed method.
Accuracy
Accuracy is close agreement between a conventionally accepted value or a reference value and a mean experimental value (17) (18) (19) . It was assessed by calculating the ratio between the analyte amount found versus the amount spiked in the matrix, at 3 concentration levels ranging from 2.5 to 20 m g/L in the 2 matrixes. The accuracy, defined as mean % ± standard deviation, shows that the procedure developed for the determination of total As can be considered as accurate within the concentration range investigated (Table 4 ). Except at the LOQ level for cassava, mean values were very close to theoretical concentrations, showing good method accuracy ranging from 99.7 to 103.5% and 98.8 to 102.8% for mussels and cassava, respectively. In addition, to validate the digestion procedure, a CRM (cod muscle) was investigated. The results of subsequent analysis for total As (Table 5 ) were in good agreement with the certified value.
Conclusions
An accurate and precise procedure, based on acidic digestion pretreatment followed by an HG-FAAS method, was developed for the assay of As in foods with a lower quantitatable limit of 2.5 m g/L (10 m g/kg cassava or 30 m g/kg mussels). The method was validated to meet requirements of the investigation of this compound in foods. The procedure developed was successfully applied to determine total As levels in different samples of mussels and cassava and was proved to be rugged. The digestion technique used (Kjeldahl method) is fast, easy, and inexpensive. Consequently, it is an attractive alternative for laboratories not equipped with microwave ovens. The continuation of our work consists of determining As levels in foods commonly consumed in 5 distinct regions of Rwanda. Mean (recovery ± CI, %; n = 5) 95.3 ± 2.7
